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Abstract

Deflection is a significant indicator of bridge’s strength and its whole stiff-
ness, so the research on deflection measurement is an important aspect of
bridge health monitoring. There have existed many measurement methods of
bridge deflection so far, while inclination method is gradually catching more
and more attention for its fair obviously comprehensive advantages. Howev-
er, the inclination method at present focuses on measuring the rotation of
bridge’s section at testing point, that is, the tangent angle of deflection curve.
With the tangent angle, the deflection curve can be determined by the me-
thods of curve fitting or (and) integration or conjugate beam. The methods
mentioned above, are not only complicated in calculation, but also bad in ac-
curacy. The deflection measurement method proposed by this paper is based
on measuring the inclination of two points initiatively in horizontal line, that
is, the secant angle of the deflection curve, and on the simple triangle func-
tion operation. The proposed method is simple in theory, but good in accu-
racy for either static or dynamic load. The numerical simulation suggests that
the error of the proposed method is less than 1%.

Keywords

Bridge, Deflection, Inclination, Secant, Measurement

1. Introduction

Effective monitoring of the health of the bridge and taking appropriate main-
tenance measures when necessary are important measures to eliminate hidden
dangers in bridge safety and prevent safety accidents on the bridge. Because the
deflection is an important index reflecting the bearing capacity and stiffness of a

bridge, therefore deflection measurement is an important work of bridge health
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monitoring. However, due to the factors of different bridge scale, environment,
measurement duration, and requirements for the accuracy of measurement, not
all deflection measurement methods are suitable for measuring the deflection of
a specific bridge. Therefore, the deflection test has always been the key point and
difficulty in the work of a bridge test. At present, scientific and technical per-
sonnel around the world have developed a variety of bridge deflection measure-
ment methods, such as dial indicator method, pendant method, precision level
measurement method, photoelectric imaging and CCD (Charge-Coupled De-
vice) method, total station measurement method, connecting tube measurement
method, GPS (Global Positioning System) method, laser imaging method, PSD
(Position Sensitive Detector) laser measurement method, acceleration sensor
method, conjugate beam method based on long gauge strain sensor, and dis-
placement sensor direct measurement method [1] [2]. However, these methods
have disadvantages of one kind or another, such as the need for reference points,
low accuracy, expensive price, or unsuitable for dynamic or long-term monitor-
ing. The inclination method has gradually received widespread attention due to
its obvious comprehensive advantages, such as no need for a static reference
point, high measurement efficiency, simultaneous measurement of dynamic and
static deflection, low frequency characteristics, and good transient response ca-
pabilities. However, the current inclination method is mainly to measure the an-
gle of the cross section of the measuring point when the bridge is deformed, that
is, the tangent angle of the deflection curve, and then calculate the deflection of
the bridge by curve fitting or (and) integration or conjugate beam methods [3]
[4] [5] [6]. These methods are not only computationally complicated, but also
have low accuracy. In this paper, the deflection of the measured point can be
obtained by measuring the inclination angle of the connection between two
points on the horizontal line of the bridge, that is, the secant angle of the deflec-
tion curve, and then using simple trigonometric function calculations. The pro-
posed deflection measurement method is not only simple, but also highly accu-
rate. Numerical simulation results show that the error of the proposed method is

within 1%.

2. Principle of Secant Inclination Deflection Measurement

The principle of measuring the bridge deflection by the secant inclination me-
thod is shown in Figure 1. The horizontal dashed line in the figure indicates the
position of the bridge before deformation, and the arc-shaped solid line indicates
the position after deformation, 7 (in this case /=0, 1, 2, 3, 4) is the position of the
measuring point, where j and j, (in this example j = 0, Z, = 4) are also the posi-
tion of the support, £ is the deflection corresponding to the /-th measuring point,
and Af is the 7+1-th measuring point Relative to the deflection increment of the
I-th measuring point, /is the span of the bridge, n is the number of equal divi-
sions of the measured points of the bridge, and Axis the horizontal distance be-

tween two adjacent measuring points before deformation, namely:
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Ax=lIn , Ax=in__,  Ax=ln_,  Ax=ln

Notice:

1) n =4 in this paper;

2) Inclinometers installed on elastic chord are for measuring inclination of the chord;

3) Notation:
a—anchor point; b—inclinometer; c—beam position before deformation;
d—chord position before deformation; e—chord position after deformation;
f—beam position after deformation.

Figure 1. Principle of deflection measurement by secant inclination method.

Ax=1/n (1

In actual measurement, a linear chord can be erected between adjacent mea-
suring points (Ze. each internode). One end of the chord is restrained by a hinge
support, and the other end is restrained by a roller support to ensure that the
chord can be free to expand and contract as the bridge deformed, without bend-
ing deformation to affect the accuracy of angle measurement. The inclinometer
is fixed on the chord. Before the bridge is deformed, or when the chord is in a
horizontal state, the inclinometer’s reading is 0. After the bridge is deformed, the
inclinometer’s reading @, is the inclination angle of the connecting line between
the 7+1th and the ith measuring points, namely the inclination angle of the se-
cant line of the deflection curve.

It is easy to know from Figure 1 that the deflection increment of the measur-

ing point of 7+1th relative to the ith is:
Af, = AX-tan 6, ()

The deflection corresponding to the i-th measuring point is:

f=f +Af 3)

The deflection £ of the initial measurement point at the left support can be
directly measured by a displacement meter erected on the pier (the pier can be
approximately regarded as a static reference point). After £ is measured, the
measured inclination angle & of each chord, as well as formula (2) and formula
(3) can be used to obtain the deflection of each measuring point.

It can be seen from Figure 1 that the cross-section of the bridge will rotate af-
ter the deformation, so that the measuring point is not right under the point
where before the bridge deforms, resulting in an error in the deflection calcu-
lated according to the above formula. A test of this error will made below by us-

ing numerical simulation method.
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3. Verification of the Measured Deflection Value
Under Static Load

In this section, a large-scale commercial finite element software, ANSYS, will be
used to numerically simulate a simply supported steel beam under static load to
verify the accuracy and reliability of the proposed secant inclination deflection
measurement theory. The span of the simply supported beam is /= 10 m, the
width of the rectangular section is 5 = 0.2 m, the section height is 42 = 0.5 m, the
steel’s elastic modulus is £= 2 x 1011 N/m?, its Poisson’s ratio is ¢ = 0.3, and its
density is p = 7800 kg/m’. The plane 42 plane stress element is used in simula-
tion model, and the finite element model is shown in Figure 2.

Here, three load cases are studied, namely the deflection of the concentrated
load acting on the 1/2 span (that is, the middle span) and the 1/4 span, and the
uniform load. The deflections at the 1/2 span and 1/4 span are investigated. Set
the concentrated load P = 10,000,000 N and the uniform load ¢ = 1,000,000
N/m. In the numerical simulation, the secant inclination is calculated with the
coordinates between the two measuring points after the bridge is deformed. The
analysis results are shown in Table 1. It can be seen from Table 1 that the
maximum error is only 0.91%, which is less than 1%. Because the actual deflec-
tion-span ratio limit 1/600 [7] is much smaller than the ratio 1/16.7 of this exam-

ple, the actual error should be much smaller than the error of this example.

4. Numerical Verification of Deflection Measurement
under Dynamic Load

It can be seen from the previous section that the largest error is the mid-span

IL

Figure 2. ANSYS finite element model.

Table 1. Numerical verification of deflection calculation under static load.

Deflection of

Deflection of

Deflection of

Deflection of

mid-span mid-span Deflection of Deflection
1/4 span under  1/4 span under .
under under 1/4 span of mid-span
concentrated concentrated
concentrated concentrated under under
load on 1/4 load on . .
load on load on . uniform load uniform load
. span mid-span
mid-span 1/4 span
Deflection from
proposed theory —0.48089 —0.37457 —0.34598 —0.38703 —0.04939 -0.61296
(m):
Deflection from
-0.47761 -0.37190 —0.34416 —0.38555 —0.04940 —0.60745
ANSYS (m):
Error 0.69% 0.72% 0.53% 0.39% -0.02% 0.91%
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Figure 3. Pulse load curve.
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Figure 4. Verification of deflection calculation under impulse load.

deflection under uniform load, so this section will study the difference between
the deflection calculation theory and numerical calculation results of the above
simply supported beams under uniform impulse load. The pulse load used here
takes the following form [8]:

p(t)=16x10° x (G ()~ 4G (7 —0.25) +6G (z ~0.5)

~4G(-0.75)+ G (r -1.0)) 4

0, <0

, 1, T, are calculation
1, =0

where, 7=t/T;, G(r)=1'3-H(z'), H(r)z{

time and pulse duration respectively. The pulse load curve and the numerical
verification results are shown in Figure 3 and Figure 4, respectively. It can be
seen from Figure 4 that the deflection calculation scheme proposed in this

paper also has good accuracy for dynamic loads.

5. Conclusions

In this paper, the bridge deflection is calculated by measuring the inclination an-
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gle of the line connecting adjacent measuring points on the horizontal line of the
bridge, that is, the inclination angle of the secant line on the deflection curve.
Not only is the method simple, easy to operate and realize, but also the numeri-
cal simulation results show that, whether under static load or dynamic load, it
has high accuracy.

Numerical simulation results show that for the example model in this article,
the error of the bridge deflection measurement method based on the secant in-
clination angle is within 19%.

Since the deflection of the calculation example in this paper is as high as
1/16.7 of the bridge span, while the deflection limit specified by the bridge code
is only 1/600 of the span, when the deflection measurement method in this paper
is applied to the actual project, the error should be much smaller than the error
of the calculation example in this paper.

This paper only investigates the case of single-span-simple-support bridge, for

other types of bridges, more work need to be done.
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